Rhizobium leguminosarum MNF3201 is a mutant defective in C, dicarboxylic acid transport (dct), which forms ineffective nodules on pea. The Tn.5-induced mutants MNF3041 (ribokinasenegative), MNF3045 (arabinonate dehydratase-negative), M NF3064 (defective in the 'EntnerDoudoroff enzymes') and MNF3070 (pyruvate carboxylase-negative) nodulate peas and fix N2.
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Rhizobium leguminosarum MNF3201 is a mutant defective in C, dicarboxylic acid transport (dct), which forms ineffective nodules on pea. The Tn.5-induced mutants MNF3041 (ribokinasenegative), MNF3045 (arabinonate dehydratase-negative), M NF3064 (defective in the 'EntnerDoudoroff enzymes') and MNF3070 (pyruvate carboxylase-negative) nodulate peas and fix N2.
The carbohydrate-utilization mutations of these strains were each transduced into MNF3201 using phage RL38. The double mutants were defective in the utilization of both C, dicarboxylic acids and the respective carbohydrates. All the double mutants formed nodules on peas, although these were still ineffective. Thus it appears that R . leguminosarum can use carbon sources other than dicarboxylic acids or common classes of sugars to fuel the nodulation process.
I N T R O D U C T I O N
The development and effective functioning of a Rhizobium-legume symbiosis require that the plant provide appreciable amounts of fixed carbon to supply energy and reducing power for bacteroid development and N2 fixation. It is important to identify the plant-derived carbon compounds which are utilized by rhizobia for these purposes. Studies with bacterial mutants have revealed that a supply of C , dicarboxylic acids is essential for normal nodule function in 'Rhizobium trfolii' [now R . leguminosarum biovar trifolii] and R . leguminosarum (Ronson et al., 198 1 ; Finan et al., 1983 ; Arwas et al., 1985) . Mutants of these organisms which are defective in dicarboxylate transport (Dct-mutants) form nodules and differentiate into bacteroids (Nod+), but do not fix nitrogen (Fix-). These observations show that C, dicarboxylates are needed in quantity to support N 2 fixation, but that other compounds can support bacteroid growth and development.
With few exceptions (Duncan, 1981) , mutants defective in the utilization of sugars have been found to nodulate effectively (Ronson & Primrose, 1979; Glenn et al., 1984; Dilworth et al., 1986) . From such studies it has been concluded that the metabolism of some C5, C, and C , 2 sugars is not an absolute requirement for the establishment of an effective symbiosis, despite the abundance of such sugars in nodules (Bach et a/., 1958). However, it does not follow that these compounds play no role in the establishment of an effective symbiosis by wild-type rhizobia. It is known that, at least in the free-living state, rhizobia can co-utilize substrates which are present in a mixture (Dilworth et al., 1983) . If invading rhizobia retain this ability, and if a range of different carbon compounds is available from the plant, then mutants with specific catabolic defects may develop into bacteroids by utilizing compounds which are unimportant to wild-type bacteria. The usefulness of such mutants for the analysis of nodule formation is limited by the plant's ability to supply materials which can circumvent the specific metabolic blocks.
We have investigated the possibility that sugars have a major role in the nodulation process by constructing double mutants of R . leguminosarum which are impaired in the utilization of both dicarboxylates and either hexose or pentose sugars. These mutants contain a dct mutation which 0001-3401 0 1986 SGM itself confers a Nod+ Fix-phenotype. The ability of double mutants to form nodules on peas is therefore a measure of the ability of these strains to utilize carbon sources other than dicarboxylates or sugars to fuel the nodulation process.
M E T H O D S
Strains of R . leguminosarum. These are shown in Table 1 . All mutants were derivatives of MNF300 (strain 300 of Johnston & Beringer, 1975) .
Media. Defined solid media were Y basal medium (Beringer, 1974) supplemented with single carbon sources at 10 mM. Complex medium was TY agar (Beringer, 1974) . Liquid medium for growth of bacteria for uptake experiments was the minimal salts medium of Brown & Dilworth (1975) , with carbon sources at 10 mM, NH,+ at 10 mM, phosphate at 0.3 mM and HEPES at 40 mM (pH 7-2). Bacteria were grown at 28 "C.
Anribiotics. Kanamycin, nalidixic acid and rifampicin were used at 30 pg ml-I ; streptomycin and spectinomycin were used at 200 pg ml-I .
Transposon mutagenesis. Tn5 mutagenesis was carried out by use of the suicide plasmid vector pJB4JI (Beringer er al., 1 9 7 8~) .
The linkage of Tn5 to mutant alleies was demonstrated by their cotransduction by bacteriophage RL38 (Beringer er al., 1 9 7 8~; Arwas et al., 1985) .
Chromosome transfer by R68.45. A RIP Spc' subline of MNF300 which carried the chromosome-mobilizing plasmid R68.45 (Haas & Holloway, 1976 ) was mated to a Nal' derivative of MNF3201 (filter-mating technique). Transfer of the donor's dct+ allele could not be selected, since mating mixtures were plated at high cell densities and, under these conditions, considerable background growth of recipient bacteria on succinate agar occurred. Instead, recombinants which inherited the donor's rifallele were selected on TY agar containing nalidixic acid and rifampicin. All such recombinants (24 tested) were Spcs, unable to grow on succinate, and StrS; thus they coinherited the donor's str+ allele with rif, and retained dct-3.
Construction of double mutants by transduction. Bacteriophage RL38 (Buchanan-Wollaston, 1979) was grown on Tn5+ donor strains, and transduction to MNF3201 carried out as previously described (Arwas et al., 1985) . Tn5+ transductants were selected on TY-kanamycin agar.
Nodulation tests. Strains of R . leguminosarum were tested on peas in the flask nodulation system described by Beringer (1974) . The phenotypes of nodule isolates were screened as described by Glenn et al. (1984) ; a minimum of 65 isolates was screened for each strain tested.
Enzyme assays. The Entner-Doudoroff enzymes (6-phosphogluconate dehydratase, EC 4.2.1 .12, and 2-keto-3-deoxy-6-phosphogluconate aldolase, EC 4.1 .2.14) were measured as described by Keele et al. (1969) except that FeSO, was omitted and the reaction was stopped with 0.5 ml 0.1 % 2,4-dinitrophenylhydrazine in 2 M-HCI after 20 min incubation at 30°C. After addition of 2 ml 2M-NaOH and centrifugation at 6000g for 5 min the absorbance of the supernatants at 580 nm was recorded.
Pyruvate carboxylase [pyruvate : carbon-dioxide ligase (ADP-forming), EC 6 . 4 . 1 . l ] was measured using an assay mixture containing 100 pmol HEPES, pH 8, 10 pmol MgCl,, 2.5 pmol ATP, 20 pmol NaHCO,, 0.2 pmol NADH, 0.25 pmol acetyl-CoA, 10 pmol pyruvate and 0.5 U malate dehydrogenase (L-malate : NAD+ oxidoreductase, EC 1 . I . 1 .37) in a total volume of 1.0 ml. Ribokinase (ATP :D-ribose 5-phosphotransferase, EC 2.7.1 .15) and arabinonate dehydratase (L-arabinonate hydro-lyase, EC 4 . 2 . 1 .25) were measured as described by Dilworth er al. (1 986).
Analytical methods. Protein was determined by the Lowry method using bovine serum albumin as the standard. 2-Keto-3-deoxy sugars were assayed by the periodate oxidation method of Weissbach & Hurwitz (1959) .
Uptake experiments. The transport of ['4C]succinate was measured as described by Glenn et al. (1984) , using [ I ,4-' 4C]succinate (1 18 mCi mmol-' ; 4.37 GBq mmol-I ) from Amersham, UK.
R E S U L T S A N D D I S C U S S I O N

Properties of MNF320I
Strain MNF3201 is a derivative of MNF300 which carries a dct mutation (dct-3), and an unlinked high-level streptomycin-resistance allele. It does not grow on succinate, malate or fumarate. The rate of uptake of [ 14C]succinate by MNF3201 is less than 3% of the wild-type rate ( Table 2) . MNF3201 forms white, ineffective nodules on pea, and is thus similar to other Dctmutants (Ronson et al., 1981 ; Finan et al., 1983; Arwas et al., 1985) .
MNF3201 was initially isolated as a Strr transconjugant from a mating of MNF300 to a donor strain of Escherichia coli carrying a suicide plasmid derived from pCU 10 1 (Selvaraj & Iyer, 1983) by addition of the streptomycin-resistance transposon Tn504 (Arwas, 1982) . After the Dctphenotype of MNF3201 had been identified, R68.45-mediated chromosome mapping showed that, contrary to expectation, the Dct-and Strr determinants were not linked. In a mating of 0 Spontaneous mutations to resistance to nalidixic acid (30 pg ml-I); rifampicin (30 pg ml-I);
11 MNF3201 and transductional derivatives are resistant to streptomycin at 1 mg ml-I.
spectinomycin (200 pg ml-I). (1986) . $ Cells grown on 10 mM-SUCCinate and resuspended for 6 h in 10 mM-SUCrOSe before preparation of 11 Cells grown on 10 mM-glucose and resuspended for 6 h in 10 mwsuccinate before uptake assay.
Phenotypic designations: Nod, nodulation; Fix, N 2 fixation.
cell-free extracts.
appropriately marked strains (see Methods), the Dct-and Strr markers segregated, while Str' proved to be closely linked to riJ Alleles for ribosomally mediated, high-level streptomycin resistance (str) have previously been shown to map very close to rif'(Beringer et al., 1978 6 ) and it is concluded that the Str' phenotype of MNF3201 is due to such an allele. Thus MNF3201 carries two mutations which may have arisen spontaneously and independently in the original transposon (Tn504) mutagenesis experiment. It is perhaps more likely that initially Tn504 inserted into or near a dct gene, and subsequently excised imprecisely, resulting in the dct-3 mutation. In the early stages of mutant screening, Strr clones were maintained by the transfer of
R . A R W A S A N D O T H E R S
large, unpurified inocula on streptomycin-containing media. Thus a str mutation may have arisen and been selected subsequent to the induction of the dct-3 mutation. The nature of dct-3 has not been further analysed, and the presence or absence of TnS04-related sequences in the genome of MNF3201 has not been investigated.
Tn.5-induced carbohydrate mutants of MNF300 All these mutants are symbiotically proficient (Table 2) . MNF3041 lacks ribokinase (rbk) and is unable to grow on ribose; MNF3045 lacks arabinonate dehydratase and is unable to grow on arabinose (ma) . The properties of these mutants are described by Dilworth et al. (1986) .
MNF3064 ha$ a defect in the Entner-Doudoroff enzymes (edp: Table 2 and Ronson & Primrose, 1979) and is unable to grow on glucose, fructose or sucrose. Since extracts of MNF3064 failed to produce either pyruvate or a 2-keto-3-deoxy sugar when incubated with 6-phosphogluconate, the mutation probably inactivates the 6-phosphogluconate dehydratase rather than 2-keto-3-deoxy-6-phosphogluconate aldolase. A similar mutant of ' R . trifolii' has been described by Ronson & Primrose (1979) . The ability of MNF3064 to grow on glycerol indicates that the terminal portion of the Embden-Meyerhof pathway is operative in R . leguminosarum; recycling of C3 units through C6 sugars and the Entner-Doudoroff pathway (Lessie & Phibbs, 1984) would not be feasible as a route to pyruvate.
MNF3070 has previously been incorrectly reported by us (Glenn et al., 1984) as deficient in pyruvate dehydrogenase [pyruvate : lipoamide oxidoreductase (decarboxylating and acceptoracetylating), EC 1 .2.4.1]. Cells of MNF3070 in which this enzyme was first measured were grown on arabinose. It has subsequently been found that in wild-type cells grown on arabinose or glutamate, the levels of pyruvate dehydrogenase activity are very low. Levels of pyruvate dehydrogenase are however high in cells grown on all other substrates tested (results not shown). Re-examination of MNF3070 has revealed that its defect is in pyruvate carboxylase (pyc; Table  2 ). MNF3070 fails to grow on glucose, fructose, glycerol or pyruvate but grows well on succinate or arabinose, resembling a pyc mutant of ' R . trifolii' (Ronson & Primrose, 1979) .
Properties of double mutants
The double mutants MNF320141 (dct-3 rhk : :Tn.5), MNF320145 (dct-3 ara : :TnS), MNF320164 (dct-3 edp : : Tn5) and MNF320170 (dct-3 pyc : : Tn5) had the growth properties listed in Table 1 . All four strains formed large numbers of white nodules, similar to those found for MNF3201. Bacteria recovered from nodules were in all cases identical in phenotype to the respective inocdant bacteria; thus, the introduction into MNF3201 of each of the Tn5-associated mutations of carbohydrate utilization did not prevent nodulation.
The double mutant with the most extensive nutritional disability (and therefore the narrowest spectrum of compounds accessible for catabolism) was MNF320170. It is unable to utilize dicarboxylates or other single carbon sources that feed into catabolic pathways below pyruvate; of the substrates tested it can grow only on ribose and arabinose (Table 1) . While it is possible that pentoses constitute a significant carbon source for MNF320170 in planta, it is clear, from the Nod+ property of pentose-negative mutants, that utilization of such a carbon source is not obligatory for the development of symbiosis, and that other carbon sources must be available.
The results even with double mutants serve only to show whether large amounts of specific compounds are essential for particular processes in the symbiosis, as shown for dicarboxylates with dct mutants (Ronson e t a / . , 1981 ; Finan e t a / . , 1983; Arwas et a/., 1985) . The possibility that small amounts of a variety of compounds may be used for bacteroid development cannot be analysed in this way. If nodule-specific substrates are essential for Rhizobium in the same way as opines are for Agrohacteriitm, alternative experimental approaches will also be necessary for their identification.
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